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ABSTRACT  
Peptide bond hydrolysis of several peptides with Gly-X sequence, (X = Gly, Ala, Val, Leu, Ile, 
Phe) catalyzed by a dimeric Zr(IV)-substituted Keggin type polyoxometalate (POM) 
(Et2NH2)8[{α-PW11O39Zr(µ-OH)(H2O)}2]·7H2O (1) was studied by means of kinetic experiments 
and 1H NMR spectroscopy. The observed rate of peptide bond hydrolysis was found to decrease 
with increase of the side chain bulkiness, from 4.44×10-7 s-1 for Gly-Gly to 0.81×10-7 s-1 for Gly-
Ile. A thorough DFT investigation was performed to elucidate (a) the nature of the hydrolytically 
active species in solution, (b) the mechanism of peptide bond hydrolysis and (c) the influence of 
the aliphatic residues on the rate of hydrolysis. Formation of substrate-catalyst complexes of the 
dimeric POM, 1, was predicted as thermodynamically unlikely. Instead, the substrates prefer to 
bind to the monomerization product of 1, [α-PW11O39Zr(OH)(H2O)]4- (2), which is also present in 
solution. In the hydrolytically active complex two dipeptide ligands are coordinated to the Zr(IV) 
center of 2. The first ligand is bidentate bound through its amino nitrogen and amide oxygen atoms 
while the second one is monodentate bound through a carboxylic oxygen atom. The mechanism 
of hydrolysis involves nucleophilic attack by a solvent water molecule on the amide carbon atom 
of the bidentate bound ligand. In this process the uncoordinated carboxylic group of the same 
ligand acts as a general base to abstract a proton from the attacking water molecule. The decrease 
of the hydrolysis rate with increase of the side chain bulkiness is mostly due to the increased ligand 
conformational strain in the rate-limiting transition state, which elevate the reaction activation 
energy. The conformational strain increases first, upon substitution of Hα in Gly-Gly with aliphatic 
α-substituent and second, with the β–branching of the α-substituent.  
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INTRODUCTION  
Selective hydrolysis of peptide bonds in proteins plays an important role in a broad range of 
research fields such as chemical biology, proteomics, and drug discovery.1 The reaction is also 
frequently applied in structural determination of peptides and proteins. Proteolytic enzymes with 
a high catalytic power can be used for this purpose. However, they often operate only in a narrow 
range of temperature and pH. In addition, the high cost and limited or fixed selectivity of 
proteolytic enzymes has led to the search for alternative cleavage agents for hydrolysis of peptide 
bond, which is extremely stable at physiological pH and room temperature.2  
Polyoxometalates (POMs) are generally described as clusters of early transition metal ions in their 
highest oxidation state bridged by oxo anions. Owning to fascinating properties such as tunable 
acidity and redox properties, high thermal stability, hydrolytic and oxidative stability, POMs have 
been applied in broad fields including catalysis,3 materials,4 and medicine.5 In recent years 
applications of POMs for catalytic purposes have also been extensively investigated. Series of 
reviews and publications focusing on the use of POMs in heterogeneous catalysis,6 
electrocatalysis,7 water oxidation,8 and oxidation of organic compounds9 have been published. In 
order to improve or tune the catalytic properties of POMs, lanthanide or transition metal ions can 
be introduced into the skeleton of vacant POMs to form metal-substituted POMs (MSPs). The 
combination of the POM framework, with its negative charge playing a role in electrostatic 
interaction with positively charged substrates, and the active metal sites, which can coordinate 
water or other ligands at their free coordination sites, makes such MSPs attractive for catalytic 
applications. In addition, the introduction of metal ions into POM framework can stabilize metal 
ions, preventing gel formation in aqueous solution.10 The first investigations concerned the 
catalytic properties of Ti(IV) and Zr(IV)-substituted POMs towards oxidation reactions with 
H2O2.
11 The use of MSPs as catalysts for a broad range of chemical reactions, such as H2O2-based 
oxidation of organic compounds,12 cyclization of citronellal derivatives,13 Diels-Alder reactions 
and aldol reactions of imines,14 oxygenation of catechols,15 synthesis of cyclic carbonates,16 
oximation of aldehydes and ketones,17 and the splitting of water18 has recently been reported. 
In our quest to develop MSPs as potential catalysts for peptide bond hydrolysis, Zr(IV)- and 
Ce(IV)-substituted POMs have been used, because both Zr(IV) and Ce(IV) have a high Lewis 
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acidity, oxophilicity, and kinetic lability, and tend to form complexes with high coordination 
numbers. The hydrolytic activity of a series of Zr(IV)-substituted Keggin, Lindqvist and Wells-
Dawson POMs towards peptide bond hydrolysis in dipeptides10a, b, 19 and oligopeptides20 was 
discovered previously. All complexes act as homogeneous catalysts and significantly accelerate 
the hydrolysis reaction rates in mildly acidic and neutral pH environments. In addition, we recently 
showed that a Ce(IV)-substituted Keggin POM and Zr(IV)-substituted Keggin, Lindqvist and 
Wells-Dawson POMs selectively hydrolyzes proteins such as hen-egg-white lysozyme, albumins, 
and horse heart myoglobin, thus demonstrating the potential of Ce(IV)- and Zr(IV)-substituted 
POMs as novel artificial proteases.10c, 21  
In aqueous solution, dimeric Zr(IV)-substituted POMs can partly dissociate into monomeric 
species, which are presumed to be the active species during the catalytic reactions.10b, 19a For 
example, 1:1 Zr(IV)-Keggin POM, [α-PW11O39Zr(OH)(H2O)]4- was identified as the active 
compound for the hydrolysis of DNA-model phosphoesters both by experimental and theoretical 
means,22 even though the dimeric 2:2 Zr(IV)-Keggin POM, [{α-PW11O39Zr(µ-OH)(H2O)}2]8- (1), 
was used as a starting catalyst (see Figure 1).22 This may be the reason for the superior hydrolytic 
activity of 1 towards myoglobin, as compared to other POMs which do not undergo 
dissociation.10c, 23  
 
 
 
Figure 1. Molecular structures of 2:2 Zr(IV)-Keggin and 1:1 Zr(IV)-Keggin POMs. 
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The selectivity of 1 towards dipeptides containing different amino acid sequences (other than those 
studied here) was recently reported and the results indicated that the reaction rate is dependent on 
the nature and the bulkiness of the amino acid side chain.19c The first mechanistic study on peptide 
bond hydrolysis catalyzed by a dimeric tetrazirconium(IV) Wells-Dowson POM was also reported 
recently by us.23 For dipeptides with aliphatic residues the hydrolytically active substrate-catalyst 
complex is formed through bidentate chelate coordination of the ligand to a Zr(IV) center of the 
POM, involving the amino nitrogen and the amide oxygen atoms, while the terminal ligand 
carboxylic group remains uncoordinated. In the rate-determining reaction step the latter acts as a 
general base to facilitate nucleophilic attack by a solvent water molecule on the amide carbon 
atom. Similar to 1, the rates of hydrolysis within a series of dipeptides were also with this catalyst 
found to be dependent both on the nature and the bulkiness of the side chains. The molecular 
factors governing this selectivity, however, remain unclear. The large variety of amino acid 
sequences involved in the dipeptide series presupposes a variety of different substrate-catalyst 
complexes and possible mechanistic scenarios for hydrolysis. For instance, some of the dipeptides 
involve amino acids with residues that could coordinate to Zr(IV), such as Gly-Asn, Gly-Asp, Gly-
Gln, Gly-His, Gly-Ser and Gly-Thr, while others with positively charged residues, like Gly-Lys 
and Gly-Arg, may stabilize the complex through electrostatic interactions with the negatively 
charged POM surface. Therefore, the coordination behavior and the mechanisms of hydrolysis 
should be clarified individually in every particular case. 
This study is focused on the hydrolytic activity of 1 towards a series of dipeptides with a common 
Gly-X sequence, where X is an amino acid with an aliphatic (non-coordinating) side chain, such 
as Ala, Val, Leu, Ile and Phe. In this series both the coordination behavior and the mechanisms of 
hydrolysis are expected to be rather similar, which allows us to distinguish the role of the aliphatic 
side chain in the process. However, the tendency of the parent compound 1 for partial dissociation 
in solution brings additional complexity to the problem studied. The kinetics of the Gly-X 
dipeptides hydrolysis in presence of 1 was studied experimentally with 1H NMR method. To 
explain the experimental findings, the nature of the hydrolytically active species, the mechanism 
of peptide bond hydrolysis as well as the effect of the aliphatic residues on the rate of hydrolysis 
were investigated on a molecular level by means of density functional methods. 
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EXPERIMENTAL SECTION 
Chemicals 
(Et2NH2)8[{α-PW11O39Zr(µ-OH)(H2O)}2]·7H2O, 1, was synthesized according to the procedure 
published in the literature.10b, 24 D2O, DCl, NaOD, H3PW12O40∙23H2O, and the dipeptides used in 
this study were purchased from Sigma-Aldrich. 
NMR Measurements 
1H NMR spectra were recorded on a Bruker Advance 400 spectrometer and TMSP-d4 was used as 
an internal reference. 
 
Hydrolysis studies 
The hydrolysis reaction mixtures typically contain 2.0 mM dipeptide, 2.0 mM 1, and 0.5 mM 
TMSP-2,2,3,3-d4 (sodium-3-trimethylsilylpropionate) in D2O. The pD of the reaction mixtures 
was adjusted to 5.4 with minor amounts of 1.0 M DCl or 1.0 M NaOD. The pH-meter reading was 
corrected by the equation: pD = pH + 0.41.25 The reaction mixtures were kept at 60 °C and 1H 
NMR spectra were taken after mixing and after different time increments. The hydrolysis products 
were identified by comparison of the 1H NMR chemical shifts with those of the pure amino acids 
at the same pD value. The rate constants (kobs) were calculated by fitting the decrease in dipeptide 
concentration to a first-order mono-exponential decay function. 
 
Computational methods 
Binding study. DFT calculations were performed with the ORCA program package,26 version 3.0. 
Molecular geometries were fully optimized (without symmetry constraints) employing the 
gradient-corrected BP8627 functional and def2-SVP basis sets28. MWB28 and MWB60 Stuttgart-
Dresden effective core potentials29 (ECPs) were used to replace the core electrons of Zr and W 
atoms respectively. To speed-up the calculations the Split-RI-J variant30 of the resolution of the 
identity (RI) technique31 with auxiliary def2-SVP/J Coulomb fitting basis sets32 was employed 
(applying increased integration grid, Grid4 in the ORCA convention, and tight SCF convergence 
criteria). The effects of the aqueous solvent were included in the geometry optimizations by using 
the conductor-like screening model (COSMO),33 as implemented in ORCA. The BP86 functional 
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has already been used for geometry optimization of various POMs in a number of theoretical 
works.34 A comparison of the structural parameters for [{α-PW11O39Zr(µ-OH)(H2O)}2]8-, 1, 
obtained in this study and those determined by X-ray analysis of (Et2NH2)8[{α-PW11O39Zr(µ-
OH)(H2O)}2]·7H2O
24b in general showed a good agreement. Selected theoretical vs. experimental 
structural parameters may be found in Table S1 of the Supporting Information (SI). To find the 
lowest energy structures a conformational search was performed for all species under 
consideration (except 1 for which the X-ray structure was used as the input geometry). To verify 
that the stationary points found are minima on the potential energy surface (PES) and to obtain the 
thermochemical data numerical vibrational frequencies were computed using the standard rigid 
rotor-harmonic oscillator approximation. In order to refine the energies, single-point (SP) 
calculations on the BP86 optimized structures were performed by means of the hybrid density 
functional B3LYP35 and more extended basis sets, def2-TZVP,28 combined with the COSMO 
model. For the Zr and W atoms the above mentioned ECPs were still used. The Split-RI-J 
combined with the chain-of-spheres approximation to the exact exchange (RIJCOSX)36 was 
utilized with the auxiliary def2-TZVP/J Coulomb fitting basis sets32 (applying Grid5, GridX5 and 
tight SCF convergence criteria). When applied with the B3LYP functional the RIJCOSX 
approximation is expected to introduce a negligible error in the reaction energies as compared to 
the approximation free calculations.36 To account for dispersion forces, missed in the pure B3LYP 
method, Grimme’s atom-pairwise dispersion correction with Becke-Johnson damping (D3BJ)37 
was employed. 
A detailed description of the strategy used for estimation of the free energies of complexation is 
given in section “Computational details” of the SI. 
Reaction path modeling. This part of the calculations was performed with the Gaussian 09 Rev. 
D.01 suite of programs.38 Geometry optimizations and frequency calculations were performed with 
the hybrid meta-GGA functional M06-2X39 and 6-31+G(d,p) basis sets, as for the Zr and W atoms 
LANL2DZ40 ECPs/basis sets were applied. Due to the large size of the transition state (TS) 
complexes intrinsic reaction coordinate (IRC) calculation were performed only in a few cases 
where we had doubts about the nature of the TS obtained. Otherwise, the TS structures were judged 
by analyzing the atomic movements of the corresponding imaginary frequencies. The bulk solvent 
effects were included in the geometry optimizations by means of the CPCM,41 solvation model 
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with the default parameters (UFF cavities). However, the final free energies of solvation were 
obtained with Pauling atomic radii, taking into account the non-electrostatic energy contributions. 
The electronic energies of the stationary points were adjusted in SP calculations utilizing the M06-
2X-D3, M06-D3,39 and BMK-D3,42 functionals (D3 means that the original D3 damping 
function37b is used instead of the BJ one) with def2-TZVP basis sets and MWB28/MWB60 ECPs 
for the Zr/W atoms. These functionals were selected on the basis of our previous study on POM 
catalyzed peptide bond hydrolysis.23 
A standard state of 1 mol L-1 was used for all compounds except water molecules for which 55.34 
mol L-1 standard state was used instead.43 
 
RESULT AND DISCUSSION 
 
Hydrolysis of Gly-X peptides  
The hydrolysis of a series of Gly-X peptides in which X = Gly, Ala, Val, Leu, Ile and Phe (Scheme 
1) in the presence of 1 was examined in solution containing equimolar amounts (2.0 mM) of the 
dipeptide and 1 at pD 5.4 and 60 °C. 1H NMR spectra of the hydrolysis reactions were recorded at 
different reaction times and the hydrolysis product glycine (Gly) was identified by a singlet peak 
at 3.57 ppm10b (Figures S1 – S6 of the SI). The amount of the reacted dipeptide and of the free Gly 
was determined by integration of their respective 1H NMR resonances and the rate constants (kobs) 
were calculated by fitting the decrease in dipeptide concentration to a mono-exponential decay 
function. The hydrolysis of all studied dipeptides in the absence of 1 under the same experimental 
conditions was also studied as control reaction. Fully homogeneous solutions were observed 
during the hydrolytic reaction of all dipeptides indicating that the presence of dipeptides does not 
affect the stability of 1.10b, 19c 
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Scheme 1. Structures of Gly-X dipeptides. 
 
The values of calculated rate constants for Gly-X hydrolysis are collected in Table 1. Due to the 
extreme stability of the peptide bond in the absence of 1, the rate constants for the uncatalyzed 
hydrolysis of dipeptides could not be determined at these conditions. However, the amount of 
dipeptide hydrolyzed in the absence of 1 after seven months could be estimated and is also shown 
in Table 1. From these results it is clear that all dipeptides are very stable and that their hydrolysis 
was significantly accelerated by 1. The mechanism of Gly-Gly hydrolysis in the presence of Zr-
POMs was previously suggested to occur via coordination of Gly-Gly to a Zr(IV) ion via its amide 
oxygen and amine nitrogen atoms.10b, 23 This interaction results in polarization of the amide C=O 
bond, making it more susceptible towards nucleophilic attack by water molecule. 
 
Table 1. Observed rate constants for the hydrolysis of Gly-X in the absence and presence of 1 ([1] 
= [dipeptide] = 2.0 mM, pD 5.4, 60 °C). 
Peptide 
Without 1 With 1 
Conversion after 7 months (%) 107 × kobs (s
-1) 
Gly-Gly 25 4.44 ± 0.10 
Gly-Ala 5 3.89 ± 0.37 
Gly-Val 0 1.71 ± 0.19 
Gly-Leu 0 1.72 ± 0.35 
Gly-Ile 0 0.81 ± 0.11 
Gly-Phe 0 2.53 ± 0.15 
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The dependence of the hydrolysis rate constants on the volume of the amino acid side chain44 at 
the C-terminus is shown in Figure 2. From this figure it can be seen that the hydrolysis rate constant 
decreases when the volume of the non-coordinating X amino acid side chain is increased, implying 
that steric hindrance either impairs the interaction between the Zr(IV) ion and the dipeptide or 
prevents efficient nucleophilic attack of water or hydroxide. Interestingly, despite its higher 
molecular volume compared to Val, Ile and Leu, a higher rate constant was obtained for Gly-Phe 
as compared to Gly-Leu.  
 
 
Figure 2. Reaction rate constants for the hydrolysis of 2.0 mM Gly-X dipeptides in the presence 
of 2.0 mM 1 at pD 5.4 and 60 °C as a function of the volume of amino acid X. 
 
To shed light on the hydrolytic processes at the atomistic level we have first studied the 
coordination properties of the Gly-X dipeptides to the Zr(IV) atom(s) of the POM in order to 
discern the potential hydrolytically active species in solution. In a second step, the most likely 
candidates were used to model possible reaction paths of hydrolysis. Since in the series Gly-X the 
substrates differ only in their aliphatic (non-coordinating) residues we can safely assume that their 
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coordination properties will be rather similar. Thus, for the purpose of the binding study, we have 
performed a DFT investigation on the coordination behavior of the simplest dipeptide of this series, 
Gly-Gly. 
 
Coordination properties of Gly-Gly towards Zr(IV)-substituted Keggin POMs 
Coordination of Gly-Gly to 2:2 Zr(IV)-Keggin POM (1) 
There are four different basic sites in the Gly-Gly zwitterion suitable for coordination to Zr(IV): 
the terminal amino nitrogen, the terminal carboxylic oxygens, the amide oxygen and the amide 
nitrogen. As previously demonstrated for Cu(I), Ni(I) and Co(I) ions, tri- and bidentate modes of 
Gly-Gly coordination are much more plausible than monodentate coordination modes. Also, the 
most plausible binding mode varies depending on the metal ion and is either bidentate (for Cu(I)), 
through the terminal amino and carboxylic groups or tridentate (for Ni(I) and Co(I)), involving in 
addition the amide nitrogen or oxygen atom.45 It should be noted that in case of 1 tridentate binding 
to one metal center would result in a 9-coordinated zirconium, which is unlikely as the coordination 
numbers typical of Zr(IV) complexes including POMs are 7 or 8.46 Due to steric hindrance caused 
by the bulky Keggin POM ligands our attempts to model even bidentate coordination of Gly-Gly 
to one Zr-atom of 1 were unsuccessful. Therefore, the most feasible bidentate modes of 
coordination were constructed, where the dipeptide bridges the two neighboring Zr-atoms, by 
varying the basic sites of Gly-Gly interacting with the metals. The optimized molecular structures, 
the free energies of complexation and their discussion can be found in Figure S7, Table S2 and 
section “Coordination of Gly-Gly to compound 1” of the SI, respectively. In all cases positive free 
energies of complexation, in the range of 0.7 – 18.5 kcal mol-1, were computed. Thus, our DFT 
calculations predict that the formation of a complex between Gly-Gly and 1 is thermodynamically 
unfavorable. Only in the case of bidentate bridging coordination through the terminal carboxylic 
group a free energy of complexation close to zero was obtained (0.7 kcal mol-1), indicating that 
such a complex may occur in the reaction mixture. This result, however, cannot explain the 
hydrolytic activity of 1. Moreover, the 13C NMR data showed no evidence for -COO- binding, but 
instead suggest metal-ligand interaction involving the terminal amino and peptide carbonyl 
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groups.10b According to the calculations, however, formation of such a complex with 1 is rather 
unlikely, as this requires ~12 kcal mol-1 (at near neutral pH).  
These results have stimulated us to find another explanation for the hydrolytic activity of 1.  
 
Coordination of Gly-Gly to 1:1 Zr(IV)-Keggin POM (2)  
Depending on the pH, temperature, time, concentration, and the presence of ligands the parent 
compound 1 may undergo partial dissociation in aqueous solution leading to the formation of both 
1:2 species [Zr(α-PW11O39)2]10- with lacunary anion [α-PW11O39]7- and of monomeric species [α-
PW11O39Zr(OH)n(H2O)3-n]
(3+n)- (n = 0 and 1).11c, 26b The 1:2 complex appears in basic solution and 
shows a very low reactivity towards peptide bond hydrolysis,10b most probably because of the lack 
of free coordination sites at the Zr(IV) center when sandwiched between the two Keggin moieties. 
Therefore, substrate coordination to the 1:2 complex was not examined in our DFT models. The 
presence of monomeric species has first been suggested on the basis of 31P NMR signals in strong 
acidic conditions (0.1 M aqueous HCl) by Nomiya et al.24b and in MeCN solution by Kholdeeva 
et al.11c Recently, Jiménez-Lozano et al. have calculated the energy of the reaction: 2 
[PW11O39Zr(OH)(H2O)]
4- → [{α-PW11O39Zr(µ-OH)(H2O)}2]8-. Making use of PCM-B3LYP 
(with double-ζ basis sets and LANL2DZ ECPs for W and Zr) a dimerization energy of -23.6 kcal 
mol-1 was obtained.47 However, in terms of free energy in aqueous phase, ∆𝐺aq
∗ , this dimerization 
energy is reduced to -3.4 kcal mol-1, suggesting that the monomeric species co-exists in 
equilibrium with 1.22 Finally, the presence of the monomer in solution at pH 6.4 was confirmed by 
means of 31P NMR and 31P DOSY experiments.22 Even when present in minor concentrations the 
monomer could play a major role in the hydrolytic process. Indeed, formation of a stable monomer-
substrate complex may shift the equilibrium in favor of the monomer.48 
To further investigate this the coordination behavior and binding energy of Gly-Gly at the 
monomeric species were investigated more closely. First, the most stable monomeric form with 
respect to the coordination number and protonation state of H2O molecules to Zr was identified. 
In order to judge whether a Zr-OH2 is deprotonated or not at the environmental pH the pKa value 
of a H2O ligand was estimated (by applying Eq. (9), see section “Computational details” of the SI) 
for the structure 2+H, shown in Figure 3. It should be noted that the accurate estimation of pKa 
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values of highly charged species, such as POMs, is a challenging task by itself, implying more 
complicated thermodynamic cycles and approaches.49 Nevertheless, the approach used here seems 
sufficiently reliable for the purpose of this study, as the calculated pKa = 0.6 is in good agreement 
with reported data for a Zr(IV) bound water molecule (pKa ≤ 0.6).50 Such a pKa value enables the 
deprotonated form 2 to readily exist in neutral media. Coordination of an additional water 
molecule, giving rise to structures 2+Hw and 2+w in Figure 3, is found to be slightly endergonic 
both for 2+H and 2, by 1.4 and 1.7 kcal mol-1 respectively. Therefore, structure 2 was used to 
obtain the free energy change upon coordination of Gly-Gly± to the monomeric Zr-POM. 
As was done for structure 1, many possible Gly-Gly complexes of 2 in their different protonation 
states were modeled. Only the lowest energy conformations are depicted in Figure 3. Note that, 
with exception of structure 2b0-H (where the amide N is deprotonated and acts as the third ligand) 
either mono- or bidentate Gly-Gly coordination is obtained for all structures. The free energies of 
complexation (∆𝐺aq
compl
) were calculated according to the reaction 
[Gly-Gly]±  + [α-PW11O39Zr(OH)(H2O)]4- →       
 [α-PW11O39Zr(OH)m(H2O)n(Gly-Gly)]4-  + (2 - m - n) H2O 
where, depending on the ligand binding mode m can be either 0 (where the Zr-OH ligand has 
received a proton from the substrate -NH3
+ group) or 1. For m = 0, n = 0, 1 or 2 while for m = 1, n 
is either 0 or 1. Energy data are summarized in Table 2. The species shown in the left column of 
Table 2 are formed through the reaction above whereas the structures at the right hand side are 
obtained after deprotonation/protonation of the original reaction products. The formation free 
energies of the latter were obtained by adjusting the corresponding ∆𝐺aq
compl
 values with the free 
energy change due to deprotonation/protonation at the environmental pH, ∆𝐺aq
compl(pH) =
∆𝐺aq
compl
+ ∆𝐺deprot/prot(pH). More details can be found in section “Computational details” of 
the SI. The pH value of 6.4 was chosen for the binding studies to be able to compare the theoretical 
results with the suggested coordination mode of Gly-Gly to the POM based on 13C NMR 
measurements (previously performed by us) at this pH.10b Coordination in the species labeled a 
occurs through the terminal amino and peptide carbonyl groups, in species b through the terminal 
amino and carboxyl groups, and in species c through the carbonyl and the carboxyl group. In the 
three species 2a, 2b, 2c, Gly-Gly is coordinated as an anion. These structures are obtained from 2 
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by protonation of Zr-OH by the ligand –NH3+ group and simultaneous ligand exchange (water 
release). In structures 2a0, 2b0, 2c0 the remaining H2O is also dissociated. As can be seen from 
Table 2, all three types of Gly-Gly coordination are found to be exergonic, releasing an energy 
between 0.9 and 5.2 kcal mol-1. In the species labeled d, Gly-Gly coordination involves only the 
substrate –COO- group, either mono- (2d) or bidentate (2d-bi). Here, Gly-Gly is coordinated as a 
zwitterion, and has replaced a water ligand in structure 2. Bidentate coordination is only slightly 
more stable than monodentate coordination, by 0.6 kcal mol-1, and both structures are similar in 
energy to the alternative coordination modes a, b, c. 
As all three species 2a, 2b, 2c contain a H2O ligand, deprotonation of this ligand might be 
favorable, giving rise to the species 2a-H, 2b-H, 2c-H. The corresponding pKa value were found 
to be 3.8, 10.0, and 11.1. This means that further stabilization by deprotonation is only expected 
for species 2a, with a calculated energy gain (at pH 6.4) of -3.6 kcal mol-1, giving rise to a net 
formation energy (∆𝐺aq
compl(pH)) of -4.5 kcal mol-1 for complex 2a-H. On the other hand, species 
2d and 2d-bi contain an -OH ligand. The basicity of this -OH was also estimated. Starting from 
the most stable 2d-bi structure, a pKb value of 3.7 was calculated, corresponding to a gain in free 
energy of 5.4 kcal mol-1 for protonation (at pH 6.4). Note that protonation gives rise to a complex 
with a mono-coordinated carboxylate group, 2d+H. The corresponding bidentate structure was 
found to be less stable by 5 kcal mol-1 and is not included in Figure 3. Coordination of a second 
water molecule to 2d+H does not lead to additional stabilization of this complex (structure 
2d+Hw). 
Finally, two other acid-base reactions were found to give rise to structures with similar energies as 
those already considered. The first is structure 2b0-H, obtained from deprotonation of the amide 
nitrogen in 2b0. As Figure 3 shows, 2b0-H is a tridentate complex. However, its formation from 
2b0 is endergonic by 6.7 kcal mol-1 (pKa = 11.3). The second structure is 2c+H, obtained from 2c 
by protonation of the endstanding ligand NH2 group. With a pKb of 7.0, protonation is slightly 
favored, by 0.8 kcal mol-1, at pH 6.4. However, one can observe that in structure 2c+H the Zr-OH2 
bond is broken, and a HOHO-Zr H-bond is formed instead.  
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Figure 3. DFT optimized structures of the Gly-Gly complexes with 2. 
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In order to compare the results obtained for 2 with those for the initial compound 1 (Table S2) the 
free energy change corresponding to the net reaction (Dimer) + 2 GlyGly → 2 (Monomer complex) 
should be used. These values are provided in parentheses in Table 2. Even though these formation 
energies must be considered more or less qualitatively (e.g. an error of 1 pKa value introduces an 
error of 1.4 kcal mol-1 in the ∆𝐺aq
compl(pH)), our calculations undoubtedly show that substrate 
coordination to the monomeric POM is largely preferred as compared to the initial dimer. 
 
Table 2. Formation free energy (kcal mol-1) of the coordination compounds of Gly-Gly and 2. 
Speciesa ∆𝐺aq
compl
 pKa/pKb ∆𝐺deprot/prot Species
b ∆𝐺aq
compl(pH) 
2a0 -1.1 (1.2)c     
2a -0.9 (1.6) 3.8 -3.6 → 2a-H -4.5 (-5.6) 
      
2b0 -5.2 (-7.0) 11.3 (>NH) 6.7 (>NH) → 2b0-H 1.6 (0.2) 
2b -4.2 (-5.0) 10.0 5.0 → 2b-H 0.8 (1.8) 
      
2c0 -2.5 (-1.6)     
2c -1.9 (-0.4) 7.0 (NH2) -0.8 (-NH2) → 2c+H -2.8 (-2.2) 
  11.1 6.4 → 2c-H 4.4 (12.2) 
      
2d -1.9 (-0.4)     
2d-bi -2.5 (-1.6) 3.7 -5.4 → 2d+H -7.9 (-12.4) 
    2d+Hw -6.8 (-10.2) 
a Coordination compounds formed according to the reaction given in the text (for more details see section 
“Computational details” of the SI). 
b Species obtained via deprotonation/protonation of the corresponding compounds in the first column (for more 
details see section “Computational details” of the SI). 
c Energy values in parentheses are relative to the parent compound 1, assuming that both generated monomeric 
species 2 react with Gly-Gly ligands. 
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1:1 Zr(IV)-Keggin POM complexes with two Gly-Gly ligands 
In case of 2 coordination of a second Gly-Gly ligand to the Zr(IV) center is also possible. To 
examine this scenario a series of complexes were modeled by testing different binding modes of 
Gly-Gly to the 2a0, 2b0, 2c+H and 2d+H species. These species were selected based on their 
stability, for every particular binding mode, and the availability of free coordination sides at the 
Zr(IV) center (six-coordinated zirconium ion). The resultant optimized structures and their 
formation energies are given in Figure 4 and Table 3 respectively. With exception of 2b0d and 
2(d+H)2 the addition of a second Gly-Gly ligand to 2a0, 2b0, 2c+H and 2d+H structures (with or 
without H2O release) was found as exergonic by 0.4 (2dd-bi) – 8.0 (2a0d) kcal mol-1. However, 
comparison of the formation free energies in Table 2 and Table 3 reveals that there is no substantial 
stabilization effect upon coordination of a second substrate molecule to 2 instead of a H2O/OH 
ligand. Thus, the calculations predicted that in the reaction mixture Gly-Gly complexes with 2 
involving either one or two substrate molecules may co-exist in equilibrium. Among all calculated 
complexes the lowest energy structure, 2a0d (∆𝐺aq
compl
 = -9.1 kcal mol-1), contains two Gly-Gly 
molecules, one coordinated through the –C=O and –NH2 groups and the other through the –COO- 
group (Figure 5). Energy contributions to the aqueous free energy of all complex species can be 
found in Table S3. 
Based on the results thus obtained, the 2a0d and the 2a-H species may be considered as the most 
probable candidates responsible for the hydrolytic activity of 1. In both complexes the peptide 
bond of the bidentate bound Gly-Gly ligand is activated towards nucleophilic attack through 
polarization of the –C=O bond by the Zr(IV) ion. On the one hand 2a0d reveals the highest stability 
while on the other hand 2a-H contains an intramolecular -OH nucleophile which is a good premise 
for high hydrolytic ability of this species. These two complexes were used for the mechanistic 
investigations in the next section. 
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Figure 4. DFT optimized structures with two Gly-Gly ligands coordinated to 2. 
 
Table 3. Formation free energy (kcal mol-1) of the complexes obtained through coordination of 
two Gly-Gly ligands to 2. 
Species ∆𝐺aq
compl
/∆𝐺aq
compl(pH) 
2(a0)
2
 -3.6 (-3.9)а 
2a0d -9.1 (-14.8) 
2b0d -1.3 (0.7) 
2dc+H -7.6 (-11.8) 
2dd-bi -8.2 (-13.2) 
2(d+H)
2
 0.7 (4.8) 
а Energy values in parentheses are relative to the parent compound 1, assuming that both generated monomeric species 
2 react with two Gly-Gly ligands. 
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Mechanism of Gly-Gly hydrolysis catalyzed by the monomeric compound 2. 
Free energy surfaces of the possible mechanistic scenarios were probed by means of M06-2X, 
M06 and BMK density functionals. The results obtained with the three functionals are in good 
qualitative agreement. Therefore, unless otherwise noted, only the M06 energy values will be 
discussed below.  
In a recent theoretical investigation on the mechanism of Gly-Gly hydrolysis catalyzed by a 
dimeric tetrazirconium(IV) Wells-Dowson POM23 we have shown that in the hydrolytically active 
complex the substrate is bidentate coordinated to one Zr(IV) center, by analogy with 2a0d, and 
that nucleophilic attack by a water molecule on the amide C-atom is assisted by the ligand -COO- 
group. This water addition step was found to be the bottleneck of the whole process of hydrolysis.23 
A similar mechanism could be proposed for the 2a0d species while in the 2a-H species the 
intramolecular Zr-OH attack dominates over the –COO- assisted hydrolysis. There are two ligand 
–COO- groups in the 2a0d complex which potentially could act as a general base, one is Zr-bound 
while the other is free. Since the first is a weaker proton acceptor than the latter the hydrolytic 
mechanism here most likely involves nucleophilic attack by a solvent water molecule with proton 
abstraction by the free -COO- group of Gly-Gly, as shown in Scheme 2. This reaction path will be 
further referred to as “2a0d path”. 
 
Scheme 2. Principle mechanism of nucleophilic attack on the amide carbon atom of Gly-Gly in 
the 2a0d complex. 
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Because water addition to the amide C-atom is expected to be the rate-determining step along the 
2a0d path our efforts were mainly focused on modeling this reaction step. The 2a0d species itself 
encompasses several conformations with similar stabilities corresponding to different mutual 
orientations of the two Gly-Gly ligands and the POM, and the preferential stability order of these 
conformations changes with the applied functional. Moreover, different reactant complexes (RC) 
are connected to different TSs for nucleophilic attack on the PES. To deal with this complex 
situation we have considered several initial conformations, and their associated TSs, instead of just 
the one RC conformation with the lowest energy, as predicted by a certain functional. The number 
of conformations was limited by selecting only those whose relative stabilities, calculated with the 
M06-2X functional, lie within 2 kcal mol-1. In this way the lowest energy 2a0d conformations 
predicted by the three functionals are included and examined. Two RC conformations, G-2a0d (as 
also predicted by B3LYP in the binding study) and G-2a0d1 were selected, and are depicted in 
Figure 5. In the lowest energy TS connected to G-2a0d on the PES the attacking water molecule 
is H-bonded to a bridging oxygen atom of the POM skeleton whilst the free ligand -COO- group 
abstracts a H2O proton and the nascent OH nucleophile attacks the amide carbon atom. This 
process require 26.5 kcal mol-1. The TS relaxes to an unstable intermediate INT with an energy 
lowering of only 1.3 kcal mol-1 (Figure 5). On the other hand, in the TS structure connected to G-
2a0d1 the attacking water molecule is H-bonded to a Zr-O-C=O oxygen atom of the neighboring 
Gly-Gly ligand. The calculated energy barrier associated with this process is 27.2 kcal mol-1, and 
a similar TS → INT energy lowering of 2.3 kcal mol-1 was also found. Hence, in average the 2a0d 
path of hydrolysis requires an activation energy of around 27 kcal mol-1. It should be noted that 
the three functionals used here tend to underestimate the INT stability23 which may explain the 
small TS – INT energy difference. Additional energy data are provided in Table S4. 
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Figure 5. Optimized RC, TS and INT structures involved in the rate-determining step of Gly-Gly 
hydrolysis via the 2a0d path. Bond lengths, dihedral angles and relative free energies (in Italics) 
are in Å, degrees and kcal mol-1, respectively. The energy values colored in cyan indicate the 
relative stability of the RC complexes while the TS and INT energies (in black) are calculated with 
respect to the energies of the corresponding starting RC conformations and a free H2O molecule. 
All energy values are obtained with the M06 functional. 
 
The hydrolytic mechanism originating from the 2a-H species, further referred to as “2a-H path”, 
was also thoroughly examined. The results are presented and discussed in section “Gly-Gly 
hydrolysis via 2a-H path” of the SI (Figures S8 – S10 and Tables S5 and S6). As expected, 
intramolecular OH attack on the amide C-atom with formation of a tetrahedral intermediate 
proceeds with a low energy barrier, estimated at 18.8 kcal mol-1. The rate-determining step along 
this path, however, is the last reaction step corresponding to a water mediated proton transfer from 
the –OH group to the amide nitrogen atom with a subsequent substrate decomposition. This 
process requires 23.8 kcal mol-1, which is lower than the activation energy associated with the 
2a0d path by about 3 kcal mol-1.  
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The experimental ΔH# and ΔS# values for Gly-Gly hydrolysis in the presence of 1 were previously 
estimated to be 20.9 kcal mol-1 and -29.4 cal mol-1 K-1, giving ΔG#(25 ºC) = 28.3 kcal mol-1.10b 
The predicted activation energy for the 2a0d path (27 kcal mol-1) is in better agreement with the 
experiment than that for the 2a-H path, thus suggesting the 2a0d species/mechanism as responsible 
for the observed peptide hydrolysis. Interestingly, the rate of Gly-Gly hydrolysis in the presence 
of the dimeric tetrazirconium(IV) Wells-Dowson POM, kobs = 2.97 × 10
-7 s-1, is very similar to the 
one determined here (4.44 × 10-7 s-1).23 This POM, however, does not contain a Zr-OH function(s) 
and in contrast to 1 it is stable in a broad range of experimental conditions.23 In addition, the 
changes in the rate constants within the Gly-X series of dipeptides observed with the two catalysts 
follow the same trend. These findings strongly suggest that the mechanisms of Gly-X peptide bond 
hydrolysis catalyzed by the two POMs are rather similar, pointing out that the 2a0d path (which is 
analogous to the one proposed for the Zr4-POM) is indeed the most likely mechanism of 
hydrolysis. 
The activation energy difference between 2a0d and 2a-H paths (1-3 kcal mol-1 with all three 
functionals, see Tables S4 and S6) implies that hydrolysis should occur faster by a few orders of 
magnitude along the 2a-H path. It has been shown that Zr(IV) complexes delivering an 
intramolecular OH nucleophile to the peptide bond are capable of hydrolyzing 90% of Gly-Gly 
within 20h, at neutral pH and 60 ºC,51 wich is significantly faster than the reaction rates observed 
here (with half-life of more than 2 weeks). Taking into account the calculated difference in the 
stabilities of the two complexes, 2a-H (-4.5 kcal mol-1, Table 2) and 2a0d (-9.1 kcal mol-1, Table 
3), and the possible existence of other species, more stable than 2a-H (e.g. 2d+H, 2dc+H and 2dd-
bi), it seems evident that the equilibrium concentration of 2a-H in the reaction mixture is probably 
too low to influence the hydrolysis rate. 
 
Effect of the α-substituent on the POM catalyzed hydrolysis of dipeptides with aliphatic side 
chains. 
Due to the similarity of the Gly-X substrates and their rates of hydrolysis the findings obtained for 
Gly-Gly should also be valid for the rest of dipeptides in the series. To trace the effects of the 
aliphatic side chains on the reaction kinetics the hydrolysis of Gly-Ala and Gly-Val via the 2a0d 
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path was examined. Unfortunately, the comparatively higher side chain flexibility of Gly-Leu, 
Gly-Ile and Gly-Phe, in combination with the variety of different mutual orientations of the two 
ligands and the POM in the complexes, requires an extensive DFT conformational search which 
substantially increases the computational cost. Therefore substrate-catalyst complexes and TSs 
with these three ligands were not modeled. It should be mentioned that the differences between 
the rate constants in the Gly-X series are small, corresponding to activation free energy differences 
smaller than 1 kcal mol-1. This is below the accuracy of the present computational chemistry 
approaches. However, since Gly-Gly, Gly-Ala and Gly-Val differ only in the size of the aliphatic 
residue and the nature of both RCs and TSs is the same for the three ligands the predicted trends 
should be reliable due to error cancelation. By analogy with Gly-Gly, only RC conformations with 
relative stabilities less than 2 kcal mol-1 were considered. For the Gly-Ala complex of 2 the three 
density functionals agree that A-2a0d1 (Figure 6), which is analogous to G-2a0d1, is the most 
stable conformation. The corresponding TS is also analogous to the one located for Gly-Gly, but 
the free energy barrier now amounts to 28.5 kcal mol-1. In the case of Gly-Val three reactant 
complexes were selected: V-2a0d1, V-2a0d2 and V-2a0d3 (Figure 6). Complex V-2a0d1 is 
analogous to G-2a0d1 and A-2a0d1 while in the complexes V-2a0d2 and V-2a0d3 a H-bond is 
formed between the -NH3
+ and the -COO- groups of the two ligands. The calculated free energy 
barriers for nucleophilic addition of a water molecule in the V-2a0d1, V-2a0d2 and V-2a0d3 
forms are 28.4, 32.9 and 31.4 kcal mol-1, respectively (or 31 kcal mol-1 in average). Thus, in 
average the calculations predict an increase of the activation energy (decrease in the rate constants) 
in the order Gly-Gly < Gly-Ala < Gly-Val which is in full agreement with experiment. Activation 
energies calculated with the M06-2X and BMK functionals are collected in Table S7. 
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Figure 6. Optimized RC and TS structures involved in the rate-limiting hydrolytic step of Gly-Ala 
and Gly-Val when bound to 2 through 2a0d binding mode. Bond lengths, dihedral angles and 
relative free energies (in Italics) are in Å, degrees and kcal mol-1, respectively. The energy values 
colored in cyan indicate the relative stability of the RC complexes while the TS energies (in black) 
are calculated with respect to the energies of the corresponding starting RC conformation and a 
free H2O molecule. All energy values are obtained with the M06 functional. 
 25 
A closer look at the TS structures in Figure 5 and Figure 6 reveals that in all cases the aliphatic 
side chains do not hinder the attacking nucleophile. Indeed, the distance between the H2O oxygen 
and the closest C-atom of the side chain is always larger than 4.4 Å. Thus, the experimentally 
observed reaction rate decrease in the Gly-X series cannot be explained in terms of steric hindrance 
of the attacking nucleophile. Interestingly, we found that the decrease in the hydrolysis rate in 
presence and in absence of 1 follow the same trend. The uncatalyzed reactions are, however, too 
slow at these experimental conditions to determine the corresponding rate constants (Table 1). To 
describe the uncatalyzed hydrolysis in terms of activation energies the water addition step to the 
free Gly-Gly, Gly-Ala and Gly-Val dipeptides was also modeled (the mechanism of the 
uncatalyzed Gly-Gly hydrolysis was previously reported by us23). In line with experiment the 
calculated activation free energies of Gly-Gly, Gly-Ala and Gly-Val are 32.0, 32, 6 and 34.1 kcal 
mol-1, respectively. Relevant structures and energy data can be found in Figure S11 and Table S8. 
These results suggest that the trend in the observed rate constants of the POM catalyzed reactions 
might be related to an inherent property of the substrates. To check whether the α-substituent can 
influence the electron density distribution of the peptide bond and potentially alter the 
susceptibility of the amide carbon towards nucleophilic attack a number of molecular descriptors, 
e.g. NBO analysis, Hirshfeld charges and atomic electrostatic potential, were computed for all 
dipeptides in the Gly-X series. The results showed insignificant changes in the peptide bond 
properties when changing the aliphatic side chain, see Table S9. A reasonable explanation, 
however, can be found on the basis of the substrate conformational changes in the complexes of 
Gly-Gly, Gly-Ala and Gly-Val upon activation. As can be seen in Figure 5 and Figure 6 the 
dihedral angle H-N-Cα-Hα (where Hα is the α-hydrogen atom being substituted in the L 
enantiomers of the corresponding dipeptides) decrease, in absolute values, from -122º ÷ -105º in 
the RCs to -60º ÷ -30º in the TS structures. Substitution of Hα in Gly-Gly with a bulky aliphatic 
substituent is expected to increase the steric hindrance between the amide hydrogen and the α-
substituent in the rate-limiting transition state, thus increasing the activation energy for hydrolysis. 
To check this assumption the energy change of the free Gly-Gly, Gly-Ala, Gly-Val, Gly-Leu, Gly-
Ile and Gly-Phe dipeptides as a function of the H-N-C-Cα(or Hα) angle was examined by means of 
M06-2X functional. The results are plotted in Figure 7. As can be seen in Figure 7, within the 
range -60º ÷ -30º (TS range) the rotational barrier increases in the order Gly-Gly < Gly-Ala < Gly-
Phe < Gly-Val < Gly-Ile, which is in perfect agreement with the experimentally observed decrease 
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in the rate constants of the POM catalyzed reactions. The only disagreement with the experimental 
trend was found for Gly-Leu with rotational energy barrier lower than that of Gly-Gly. Obviously, 
other factors such as week intramolecular ligand-ligand and/or ligand-POM interactions, which 
could additionally stabilize/destabilize either the initial RC or the activated TS states, also 
contribute to the barrier height. 
 
Figure 7. Energy profile of the H-N-C-Cα(or H) dihedral angle rotation in Gly-Gly, Gly-Ala, Gly-
Val, Gly-Leu, Gly-Ile and Gly-Phe dipeptides obtained with relaxed PES scan at the CPCM-M06-
2X/6-311+G(2df,2p) level of theory. The ranges of calculated dihedral angles for both RCs and 
TSs of the Gly-Gly, Gly-Ala and Gly-Val complexes with 2 (2a0d binding mode) are indicated as 
“RC range” and “TS range”, respectively. 
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CONCLUSIONS 
A detailed examination of the effect of the bulkiness of amino acid side chain on the hydrolysis 
rate of a series of dipeptides with Gly-X sequence in the presence of a dimeric Zr(IV)-substituted 
Keggin POM was performed by means of a combined theoretical-experimental approach. The 
observed rate of peptide bond hydrolysis was found to decrease with increase of the side chain 
bulkiness in the order Gly-Gly > Gly-Ala > Gly-Phe > Gly-Leu ≈ Gly-Val > Gly-Ile. Experimental 
data, reported previously by us,10b evidenced that a Gly-Gly-catalyst complex involving 
coordination of both amide –C=O and terminal -NH2 groups to the Zr(IV) center of the POM is 
formed prior hydrolysis. DFT calculations, presented here, revealed that coordination of the 
substrate to the starting compound 1 is thermodynamically not favored, and that Gly-Gly instead 
binds to the monomeric POM derivative 2 which is also present in equilibrium with 1. The 
formation free energy associated with the experimentally suggested coordination mode of Gly-Gly 
to 1 is calculated to be rather endergonic, 11.9 kcal mol-1 (at pD 6.4). In contrast, bidentate 
coordination through the –C=O and -NH2 groups to 2 was predicted to be exergonic by -5.6 kcal 
mol-1. The stability of this species is further increased upon binding of a second Gly-Gly ligand, 
through the terminal –COO- group, as the net complexation free energy becomes -14.8 kcal mol-1. 
The latter is considered as the major player in the peptide bond cleavage. The mechanism of 
hydrolysis involves nucleophilic attack by a solvent water molecule on the amide carbon atom of 
the bidentate bound ligand. This process is assisted by the free –COO- group of the same ligand 
which acts as a general base to abstract a proton from the attacking water molecule. Since the 
uncatalyzed hydrolysis of Gly-X dipeptides is also assisted by the carboxylic group, the main 
catalytic role of the POM can be attributed to the electrophilic activation of the carbonyl moiety 
by the Zr(IV) ion. The alternative mechanism involving intramolecular nucleophilic attack by a 
Zr-OH group was ruled out because this mechanism implies hydrolysis rates significantly higher 
than that observed in this study.  
The decrease of the hydrolysis rate with increase of the side chain bulkiness is mostly due to the 
increased ligand conformational strain in the rate-limiting transition state which elevate the 
reaction activation energy. This conformational strain is imposed by the steric hindrance between 
the amide hydrogen atom and the α-substituent. It increases first, upon substitution of Hα in Gly-
Gly with aliphatic α-substituent and second, with the β–branching of the α-substituent. This 
explanation should also be valid for the hydrolysis of Gly-X in presence of dimeric 
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tetrazirconium(IV) Wells-Dowson POM where the same trend in the rate constants was observed. 
This work demonstrates the power of a combined theoretical and experimental study to unravel 
the molecular origin of the catalytic activity of metal-substituted POMs towards organic 
transformations, especially since reactivity studies on this type of compounds are often hampered 
by the rich solution chemistry of metal-substituted POMs. 
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Synopsis 
 
Two is more than one! Dimeric Zr(IV)-substituted Keggin-type polyoxometalate dissociate into 
monomers to promote peptide bond hydrolysis in dipeptides with aliphatic side chains. The 
catalytic effect is due to electrophilic activation of the peptide carbonyl group by the Zr(IV) ion 
while the selectivity is controlled by the β-branching of the aliphatic side chain through 
intramolecular steric hindrance in the rate-limiting transition state. 
 
